In murine cytomegalovirus, abundant immediate-early transcription originates from 0.769 to 0.815 map units of the genome. This region contains the immediate-early gene (gene iel) which encodes pp89, a phosphoprotein active in transcriptional regulation. In this paper we report on the precise location, structural organization, and sequence of gene iel. The predominant iel transcript, a 2.75-kilobase mRNA, is generated by splicing and composed of four exons. The precise termini of the 2.75-kilobase mRNA and the positions of the exons were determined by nuclease digestion experiments with either 5' or 3' end-labeled DNA fragments or in vitro transcribed cRNA probes. Exons of 300, 111, 191, and 1,703 As with other herpesviruses, expression of murine cytomegalovirus (MCMV) genes in infected cells is temporally controlled and regulated in a cascade fashion (7). In the absence of protein synthesis, predominant transcription occurs from three immediate-early (IE) transcription units designated iel, ie2, and ie3 (10). IE proteins are the first proteins synthesized after infection or reactivation from latency. At least one herpesviral IE protein is required for synthesis of early and late mRNAs. The dominant IE protein of MCMV could be identified as a phosphoprotein (12) with an apparent molecular weight of 89,000 (pp89). Expression of pp89 encoded by gene iel contained in transcription unit 1 is under control of a complex enhancer sequence (2). Functional analysis revealed that, after transient expression or stable transfer of iel into fibroblasts, pp89 activates heterologous promoters (14) . Transactivation as a function of herpesviral IE proteins has also been demonstrated for ICP4, the major IE protein of herpes simplex virus type 1, and the major IE proteins of human cytomegalovirus (HCMV), pseudorabies virus, and varicella-zoster virus (4). Analysis of the different regulatory genes and comparison of the different proteins should help us to understand the mechanism by which this activation is achieved.
As with other herpesviruses, expression of murine cytomegalovirus (MCMV) genes in infected cells is temporally controlled and regulated in a cascade fashion (7) . In the absence of protein synthesis, predominant transcription occurs from three immediate-early (IE) transcription units designated iel, ie2, and ie3 (10) . IE proteins are the first proteins synthesized after infection or reactivation from latency. At least one herpesviral IE protein is required for synthesis of early and late mRNAs. The dominant IE protein of MCMV could be identified as a phosphoprotein (12) with an apparent molecular weight of 89,000 (pp89). Expression of pp89 encoded by gene iel contained in transcription unit 1 is under control of a complex enhancer sequence (2) . Functional analysis revealed that, after transient expression or stable transfer of iel into fibroblasts, pp89 activates heterologous promoters (14) . Transactivation as a function of herpesviral IE proteins has also been demonstrated for ICP4, the major IE protein of herpes simplex virus type 1, and the major IE proteins of human cytomegalovirus (HCMV), pseudorabies virus, and varicella-zoster virus (4) . Analysis of the different regulatory genes and comparison of the different proteins should help us to understand the mechanism by which this activation is achieved.
Other studies focused on the property of MCMV proteins as target structures for the protective immune response of the host (30, 31, 33) . Viral antigens of the IE phase were detected which are recognized by cytolytic T lymphocytes (CTL) (31) . Cells with specificity for MCMV IE antigens constitute the major proportion of MCMV-specific CTL (31) . In subsequent studies we could demonstrate that (i) IE antigen presentation for CTL throughout the replication cycle correlates with the synthesis of pp89 (29) and (ii) cells that express pp89 after IE gene transfection are lysed by cloned MCMV IE antigen-specific CTL (15, 28) .
A viral protein active in gene regulation should contain signals for nuclear transport, whereas viral antigen recognition by CTL requires the presence of the antigen at the plasma membrane. It was of interest to learn whether * Corresponding author.
analysis of the sequence of the gene would explain how these two requirements are fulfilled. In this paper we present the physical organization, as well as the deduced amino acid sequence and secondary structure, of pp89 and the complete nucleotide sequence of iel. The relation of the iel gene to other known herpesviral IE genes and membrane expression of the protein are discussed.
MATERIALS AND METHODS
Virus and cell culture. MCMV (Mouse salivary gland virus, strain Smith, ATCC VR-194) was propagated on BALB/c mouse embryo fibroblasts as previously described (3) .
Isolation of IE RNA. Mouse embryo fibroblasts were infected with MCMV at a multiplicity of 20 to 40 PFU per cell in the presence of cycloheximide (50 ,ug/ml) (11) . Preparation of whole-cell RNA and selection of poly(A)+ RNA by oligo(dT)-cellulose chromatography were carried out as described previously (11) .
Cloning of DNA. Recombinant plasmids were prepared by published procedures (20) . BAL 31 treatment and generation of blunt ends with the Klenow polymerase were as previously described (20) .
Analysis of RNA. IE RNA (5 ,ug) was either (i) hybridized to 0.03 to 0.1 pmol of end-labeled MCMV DNA fragments and then digested with S1 nuclease (2) or (ii) hybridized to 2 x 105 cpm of uniformly labeled cRNA, transcribed by the SP6 RNA polymerase, and then digested with RNase A and RNase Ti as previously described (23) . Nuclease-resistant fragments were size fractionated on denaturing sequencing gels.
Labeling, strand separation, and sequence analysis of DNA.
End labeling of cloned DNA fragments and preparation of uniquely labeled fragments by strand separation or secondary restriction enzyme cleavage were performed as previously described (20) . DNA Fig. 1 . Figure 2 shows the nucleotide sequence of iel, starting with the 5 (Fig. 3D) . The splice signals (Fig. 2) follow the AG-GT rule for splice junctions with the presence of C-or T-rich regions upstream of the AG dinucleotide splice acceptor sequence (25, 35) and the GTGAGT hexanucleotide at the splice donor sites (25, 35) . The initiation and polyadenylation signals are also consistent with the respective eucaryotic transcription signals. In summary, iel is a viral gene which uses the normal eucaryotic transcription signals for expression. Deduced amino acid composition and predicted secondary structure of IE pp89. The sequence of the major IE mRNA, consisting of the four exons, contains an open reading frame of 1,785 n that starts with an AUG located within the second exon and terminates with a UGA. Differential splicing at the 5' end of the second exon upstream of the first AUG therefore has no effect on the amino acid sequence of the protein. This open reading frame codes for a polypeptide of 595 amino acids (Fig. 4) . It consists of 105 (17.6%) acidic and 60 (10.1%) basic amino acids. The COOH terminus is basic, followed by an acidic region, in which 51 (38%) of 136 amino acids are 38 Glu and 13 Asp. A similar acidic region is found at the COOH terminus of the HCMV major IE protein (37) , where within 51 residues 22 are Glu and 2 are Asp. A second acidic region is found between amino acids 51 and 89 near the NH2 terminus, where within 39 amino acids 6 are Glu and 8 are Asp.
Comparisons of the ieT nucleotide and amino acid sequences with known eucaryotic viral and cellular sequences were carried out. No significant matches with viral proteins were found except a nuclear location signal found in polyomavirus and adenovirus (17, 18) located at the COOH terminus of pp89. The major IE proteins of HCMV and pp89 show similarities only in a Glu-rich part of the amino acid sequence. A total of 23 amino acids in the amino-terminal portion of pp89 were found to be identical with amino acids of the histone H2B consensus sequence. Identical amino acids at homologous positions were found in a region of 63 amino acids located in the amino-terminal part of both proteins.
Based on the amino acid sequence, the secondary structure of pp89 was predicted as described by Chou and Fasman (1) (Fig. 5) 796 (10, 11) . The 5' end of the 2.75-kb mRNA transcribed from iel was mapped downstream of a long enhancer-promoter element and initiates with a 304-n nontranslated leader sequence 23 n downstream of the TATA box at the sequence GTCGCA (2). The first ATG is located at the 5' end of the second 111-n exon, which is followed by the third 191-n exon. The major constituent of the mRNA is contributed by the 3' terminal exon of 1,703 n. It terminates 23 n downstream of the consensus sequence for polyadenylation, AATAAA (27) . This location of ieT is in full agreement with data published before (2, 10, 14) . The splice donor and acceptor sequences follow the consensus sequences of other eucaryotic and viral mRNAs. The GTAAGT sequence was present at all three splice donor sites. No additional splice donor consensus sequence is present within ieI. A T-or C-rich region was always found 5' to the splice acceptor sites (25, 35) .
The amino acid sequence of pp89 was deduced from the mRNA sequence. The first AUG in the mRNA appears at n 305, a second is at n 332, and a third is at n 338. All three AUGs could represent the codon for the first amino acid of pp89 because they contain the consensus sequence for translation initiation, A/G NNATG (16) . Since translation of most eucaryotic proteins starts at the first AUG, it is likely that the AUG at n 305 represents the codon for the NH2 terminal methionine of pp89. A single open reading frame extends from n 305 to n 2,090, where a UGA stop codon is located. This 1,785-n open reading frame is translated into a protein of 595 amino acids with a calculated molecular weight of 66,713. The distribution of charged amino acids and the phosphorylation of pp89 of MCMV are most probably responsible for overestimation of the molecular weight of pp89 after separation in denaturing sodium dodecyl sulfate-polyacrylamide gels. It should be noted that molecular weights of the HCMV major IE protein (37) , ICP4 (Vmw 175) (22) , and IE110 of HSV-1 (26) have also been overestimated. In all three IE proteins the apparent molecular weight is, as with pp89, about 1.3-fold higher than the calculated molecular weight.
pp89 is a nuclear protein and should therefore contain nuclear location signals. A nuclear location signal has been defined for the simian virus 40 large-T protein and consists of a stretch of predominantly basic amino acids (Pro-Lys-LysLys-Arg-Lys-Val) located in the amino-terminal part of the protein (18, 34) . This sequence appears to represent a prototypic nuclear location signal also found in other viral proteins (36) . pp89 contains a similar sequence (Pro-LysLys-Lys-Ser-Lys-Lys) located at the carboxy terminus. The possibility that such a sequence functions as a nuclear location signal is derived from deletion studies of a similar sequence present in the carboxy termini of the ElA proteins of adenovirus 5, which resulted in a reduced rate of nuclear accumulation (17) . We therefore suggest that this sequence represents the nuclear location signal of pp89.
In contrast to the gene coding for ICP4 of herpes simplex virus, which is transcribed into an unspliced mRNA (22) major IE gene in both MCMV and HCMV (37) contains four ing position in the amino acid sequence. The codons for exons. In both viruses the first exon is nontranslated, the these 23 amino acids display 83% identity, whereas only 48% second exon starts with the first ATG, and the fourth exon is homologous nucleotides would be required to encode these the major component of the mRNA. In addition, the funcamino acids. The similarity within this region increases to tions of both gene products seem to be very similar (4, 14) .
62% when conservative amino acid exchanges are considRemarkably, there was no significant homology between the ered as similar. The H2B proteins of different species nucleotide sequences of these genes. Also, after comparing maintain a high degree of sequence conservation in certain the protein sequences, only one region with homology regions of the polypeptide, including amino acids 67 to 73 extending over more than 8 amino acids was found in a (Asn-Asp-Ile-Phe-Glu-Arg-Ile), which are represented in an Glu-rich part of both IE proteins, where amino acids 424 to identical sequence in pp89 (amino acids 134 to 140). The 434 of pp89 and 426 to 437 of the major IE protein of HCMV region between residues 37 and 114 of H2B is important for share 8 of 12 amino acids.
the interaction of H2B with histone H2A (8, 9) . It could be A notable similarity was found between amino acids 27 to speculated that this region in pp89 plays a role in an 87 of the histone H2B consensus sequence (39) and amino interaction of IE pp89 with cellular chromatin. acids 96 to 153 of pp89. In this region, 23 (37%) of 63 amino After transfection of the DNA sequences which encode acids were found to be identical and located at a correspondpp89, the lymphocyte-detected IE antigen (LYDIEA) (32) was found to be expressed (15) . The only other herpesviral protein reported to play a role in the host response to herpesviral infection is LYDMA, an antigen detected by specific T lymphocytes on Epstein-Barr virus-transformed cells. It is thought that LYDMA is a part of the latentinfection membrane protein. Analysis of the amino acid sequence of the latent-infection membrane protein predicted repeated hydrophobic regions separated by hydrophilic segments, an arrangement indicative of membrane insertion (5, 19) . The predicted amino acid sequence of pp89, however, does not contain such regions, and there is no evidence for membrane-spanning domains. Thus, pp89 is structurally different from the Epstein-Barr virus latent-infection membrane protein, and pp89 probably requires processing for expression at the cell membrane. The absence of structural characteristics that indicate cell surface expression does not contradict the immunological findings. Nonglycosylated internal viral proteins can reach the cell membrane by alternative routes of processing and degradation (24) . The known features of pp89 appear similar to some properties of a simian virus 40 nonstructural protein, the large-T antigen. Similar to pp89, simian virus 40 large-T antigen is a phosphoprotein involved in regulation of simian virus 40 genes. The majority of simian virus 40 large-T antigen in the cell is concentrated in the nucleus, but a small amount of the protein is present on the cell surface, probably after acylation (13) . Surface-expressed simian virus 40 large-T antigen serves as a target structure for CTL (38) . Work is in progress to study the surface expression of pp89.
